Introduction {#sec1-1}
============

The pathophysiology of spinal cord injury (SCI) involves primary and secondary mechanisms (Silva et al., 2014; Gao et al., 2015b). Secondary SCI is caused by a series of biochemical events triggered by the primary injury. The pathology of secondary SCI involves microcirculatory changes, oxidative stress, ischemia, apoptosis, necrosis, and edema. These secondary effects further aggravate the primary injury and cause destructive lesions in the region surrounding the injury site (Webb et al., 2010; Gao et al., 2015a). Following acute SCI, an increase in free radical production leads to lipid peroxidation damage; decreasing oxidative stress would therefore greatly reduce secondary injury following trauma (Juurlink and Paterson, 1998).

Methylprednisolone (MP), a synthetic glucocorticoid hormone, is the most commonly used anti-inflammatory and antioxidant drug in the treatment of acute SCI (Lee et al., 2008; Bains and Hall, 2012). However, the effects of MP on SCI have been questioned in recent studies, and the mechanisms underlying its preventive effects on secondary pathological damage after SCI remain poorly understood (Liu et al., 2009; Mazzocca et al., 2013; Fehlings et al., 2014; Harrop, 2014). Following SCI, MP inhibits inflammation and promotes recovery of neurological function. To date, the main focus of research into the neuroprotective effect of MP has been from the aspect of glucocorticoid receptor and anti-inflammatory mechanisms, and studies of its antioxidant mechanism remain scarce (Xu et al., 1998; Mazzocca et al., 2013; Boyaci et al., 2014).

MP has been shown to regulate autophagy, but findings have been inconsistent. In a study using osteoblasts, application of MP markedly increased autophagic activity (Yao et al., 2015). However, Chen et al. (2012) demonstrated that MP suppressed autophagy. Furthermore, it remains unclear whether MP exerts its neuroprotective effect by reducing light chain 3B (LC3B) and Beclin-1 expression. LC3B and Beclin-1 are two key markers for autophagy. Apoptosis and autophagy are extensive following secondary SCI. Autophagy might be induced and activated by primary SCI (Kanno et al., 2009a, b, 2011; Walker et al., 2012; Hou et al., 2014). However, several studies have shown that apoptosis is also an important cell death mechanism after SCI (Crowe et al., 1997; Springer et al., 1999), and Lee et al. (2008) confirmed that MP selectively inhibits microglial apoptosis, which may be associated with its neuroprotective effect.

Here, we established an *in vitro* model of oxidative damage in N2a cells, using H~2~O~2~, and explored the effects of MP on autophagy and apoptosis after exposure to oxidative stress.

Materials and Methods {#sec1-2}
=====================

Cell culture {#sec2-1}
------------

Frozen mouse neuroblastoma cells (N2a cells; Guangzhou Jiniou Co., Ltd., Guangzhou, China) were resuscitated in a water bath at 37°C for 3 minutes, placed in a 15 mL centrifuge tube, incubated with Dulbecco\'s modified Eagle\'s medium/F12 containing 10% fetal bovine serum (twice the volume of frozen liquid) at room temperature, and centrifuged. After removal of the supernatant, cells were incubated with Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 containing 10% fetal bovine serum, at 37°C, 5% CO~2~ and saturated humidity. Cells were passaged at approximately 80% confluence, and collected for use at passages 3--6. The medium was replaced every other day.

3-(4,5-Cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cell proliferation rate assay {#sec2-2}
-------------------------------------------------------------------------------------------------

Logarithmic-phase N2a cells were seeded on a 96-well plate at 1×10^5^ cells per well in 200 µL cell suspension. Phosphate buffered saline (PBS) was added to the surrounding wells. The plate was incubated at 37°C and 5% CO~2~ for 24 hours, to allow the cells to adhere. The cells were then allocated to four groups: cells in the control group were incubated in DMEM containing 10% fetal bovine serum; in the H~2~O~2~ group, 0, 20, 40, 60, 80, 100, 120, 140, 160 or 200 µM H~2~O~2~ (Bori Site Trading Co., Ltd., Shenyang, China) was added to the culture medium; cells in the MP group were treated with 0, 0.5, 1, 2, 5, 10, 20, 50, 100 or 200 µM MP (Melonepharma, Dalian, China); and in the H~2~O~2~ + MP group, cells were pretreated with 0.1, 1, 5, 10, 50 or 100 µM MP for 30 minutes, then 100 µM H~2~O~2~ was added. Each group contained four parallel wells. Cells were observed 24 hours later under an inverted phase contrast microscope (Olympus, Tokyo, Japan).

Subsequently, 20 µL MTT (Sigma, St. Louis, MO, USA) was added to each well for 4 hours. The medium was removed and the cells were incubated with 150 µL of dimethyl sulfoxide for 10 minutes at 37°C. Optical density (OD) values were measured at 570 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). Cell proliferation rate was calculated as \[(1−OD~experimental\ group~)/OD~control\ group~\] × 100%.

Cell counting and morphology {#sec2-3}
----------------------------

Cells were seeded in the culture dish and the medium was replaced every 3--4 days for approximately 1 week. After digestion with trypsin (Gibco, Carlsbad, CA, USA), cells were incubated in six-well plates for 24 hours. Cells were allocated to three groups: in the H~2~O~2~ group, cells were exposed to 100 µM H~2~O~2~ for 24 hours; cells in the H~2~O~2~ + MP group were pretreated with 10 µM MP for 30 minutes, before exposure to 100 µM H~2~O~2~; control cells were in DMEM containing 10% fetal bovine serum. Cell morphology was observed at 24 hours under an inverted phase contrast microscope (Olympus).

Flow cytometry {#sec2-4}
--------------

Cells were incubated in 6-well plates for 24 hours, then grouped and treated as described above (see Cell counting and morphology). A single-cell suspension was made using trypsin without ethylenediamine tetraacetic acid, and centrifuged at 300 × *g* for 3 minutes. Following removal of the supernatant, cells were washed twice with precooled PBS, and centrifuged in 1 mL annexin V (Tianjin Sungene Biotech Co., Ltd., Tianjin, China) for 10 minutes. Cells were adjusted to 10^6^/mL. Cell suspension was centrifuged and washed three times with PBS. Samples (100 µL) were added to Eppendorf tubes with 5 µL annexin V-APC (Tianjin Sungene Biotech Co., Ltd.) and 7-AAD (Tianjin Sungene Biotech Co., Ltd.), and mixed. The volume was made up to 500 µL with PBS and the tubes were incubated at room temperature for 15 minutes in the dark. Apoptosis was quantified by flow cytometry (BD FACSCanto II, BD Becton Dickinson, San Jose, CA, USA). Cell apoptosis rate was calculated as follows: number of apoptotic cells/total number of cells × 100%. Experiments were conducted twice.

Immunofluorescence staining {#sec2-5}
---------------------------

Cells were plated onto 24-well plates for 24 hours, then the medium was discarded and the cells were grouped and treated as described above (see Cell counting and morphology). The cells were then fixed in 4% paraformaldehyde at 4°C overnight. The next day, samples were washed three times with PBS, for 5 minutes each time. Triton X-100 (1%) was added for 15 minutes, and the samples were blocked with goat serum for 1 hour at 4°C. Samples were then incubated overnight with rabbit polyclonal LC3B antibody (1:500 dilution in goat serum; Abcam, Cambridge, MA, USA). The following day, the samples were washed with PBS as before, and incubated with goat anti-rabbit IgG/Cy3 in the dark for 2 hours at room temperature, followed by three 5-minute washes with PBS. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole for 15 minutes, followed by three more 5-minute washes with PBS. Protein localization was observed under a fluorescence microscope (Olympus).

Western blot assay {#sec2-6}
------------------

Cells were assigned to control, H~2~O~2~ and H~2~O~2~ + MP groups as described above. After lysis, protein concentrations were measured using the bicinchoninic acid method. Lysates were electrophoresed on 5% stacking gel at 90 V, and 10% separating gel at 120 V, then wet-transferred onto polyvinylidene fluoride membranes at 350 mA for 1 hour 35 minutes, after immersing the dry membranes in methanol for 30 seconds and transfer buffer for 10 minutes. Membranes were blocked with 1% bovine serum albumin for 2 hours, and incubated with rabbit anti-LC3B polyclonal antibody (1:1,000; Cell Signaling, China), mouse anti-β-actin polyclonal antibody (1:1,000; Abcam), and rabbit anti-Beclin-1 polyclonal antibody (1:1,000; Abcam) at 4°C overnight. The next day, the membranes were rinsed in Tris-buffered saline with Tween-20 (TBST), three times for 10 minutes each time, incubated with goat anti-rabbit or anti-mouse secondary antibody (1:1,000; Bioss, Beijing, China) at room temperature for 2 hours, then washed with TBST as before. Proteins were visualized using enhanced chemiluminescence. Gray values of the protein bands (target protein/β-actin) were calculated using ImageJ2x software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis {#sec2-7}
--------------------

Data are expressed as the mean ± SD, and were analyzed using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Groups were compared using one-way analysis of variance and the least significant difference test. *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

MP prevented H~2~O~2~-induced reduction in cell survival {#sec2-8}
--------------------------------------------------------

N2a cells were exposed to different concentrations of H~2~O~2~ for 24 hours. MTT assay showed that cell survival rate decreased with increasing concentrations of H~2~O~2~. At 100 µM H~2~O~2~, cell viability was approximately 50% of the control group value (0 µM H~2~O~2~; *P* \< 0.001; **[Figure 1A](#F1){ref-type="fig"}**).

![Neuroprotective effect of MP against oxidative damage induced by H~2~O~2~ (100 μM) in N2a cells.\
(A) Viability of N2a cells decreased with exposure to increasing concentrations of H~2~O~2~ for 24 hours. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, *vs*. 0 μM H~2~O~2~ (one-way analysis of variance and the least significant difference test). (B) Treatment with MP alone for 24 hours had no effect on N2a cell viability at any concentration tested. (C) Protective effects of different concentrations of MP on N2a cells exposed to 100 μM H~2~O~2~. Mean ± SD of four experiments; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, *vs*. H~2~O~2~ group (one-way analysis of variance and least significant difference test). MP: Methylprednisolone.](NRR-11-823-g002){#F1}

To exclude the effects of MP on cell viability, N2a cells were exposed to different concentrations of MP for 24 hours. MP had no observable effect on cell viability (**[Figure 1B](#F1){ref-type="fig"}**), confirming that it neither improved cell survival nor was cytotoxic.

After pretreatment of N2a cells with different concentrations of MP for 30 minutes, followed by 100 µM H~2~O~2~ for 24 hours, MP markedly suppressed the reduction in cell viability induced by H~2~O~2~ (*P* \< 0.001; **[Figure 1C](#F1){ref-type="fig"}**).

MP prevented H~2~O~2~-induced damage to cell morphology and number {#sec2-9}
------------------------------------------------------------------

Control cells were plump, with long dendrites and axons, indicating good growth. After exposure to H~2~O~2~, cell bodies floated and appeared round, and some processes retracted and were noticeably damaged, indicating that H~2~O~2~ was cytotoxic. In the H~2~O~2~ + MP group there were significantly fewer damaged and floating cells than in the H~2~O~2~ group (**[Figure 2](#F2){ref-type="fig"}**).

![Effects of 10 μM MP on the morphology and number of N2a cells (inverted phase contrast microscope, × 400).\
Control (no H~2~O~2~ or MP): cells showed good growth. H~2~O~2~ (100 μM): cell bodies were rounded, with few processes. H~2~O~2~ (100 μM) + MP (10 μM): cell shape appeared normal, and processes were observed. MP: Methylprednisolone.](NRR-11-823-g003){#F2}

MP prevented H~2~O~2~-induced apoptosis {#sec2-10}
---------------------------------------

Flow cytometry showed that there were significantly more apoptotic cells in the H~2~O~2~ group than in the control group (*P* \< 0.001), but fewer in the MP + H~2~O~2~ group than in the H~2~O~2~ group (*P* \< 0.01; **[Figure 3](#F3){ref-type="fig"}**).

![Pretreatment with MP protected against H~2~O~2~-induced apoptosis (flow cytometry).\
Cells pretreated with 10 μM MP showed less apoptosis after exposure to 100 μM H~2~O~2~ than those exposed to 100 μM H~2~O~2~ alone. \*\**P* \< 0.01, \*\*\**P* \< 0.001, *vs*. H~2~O~2~ group (mean ± SD of three experiments; one-way analysis of variance and the least significant difference test). MP: Methylprednisolone.](NRR-11-823-g004){#F3}

MP prevented H~2~O~2~-induced upregulation of LC3B and Beclin-1 {#sec2-11}
---------------------------------------------------------------

Immunofluorescence staining was used to detect LC3B expression and localization. LC3B was mainly expressed in the cytoplasm. Western blot assay revealed that expression levels of LC3B and Beclin-1 protein were significantly higher in the H~2~O~2~ group than in the control group (*P* \< 0.01), and significantly lower in the H~2~O~2~ + MP group than in the H~2~O~2~ group (*P* \< 0.05 or *P* \< 0.001; **[Figure 4](#F4){ref-type="fig"}**).

![Pretreatment with MP protected against H~2~O~2~-induced LC3B and Beclin-1 protein upregulation in N2a cells.\
(A) LC3B expression in control cells (top panel), N2a cells exposed to 100 μM H~2~O~2~ (middle panel), and N2a cells pretreated with 10 μM MP before H~2~O~2~ exposure (bottom panel) (immunofluorescence staining). Blue: DAPI-stained nuclei; red: Cy3-stained LC3B; scale bar: 50 μm. (B) Autophagic protein expression was upregulated in N2a cells exposed to 100 μM H~2~O~2~ compared to control cells, but this upregulation was markedly reduced in cells pretreated with 10 μM MP. (C, D) Quantification of Beclin-1 (C) and LC3B (D) protein expression. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. H~2~O~2~ (mean ± SD of three experiments; one-way analysis of variance and the least significant difference test). DAPI: 4′,6-Diamidino-2-phenylindole; MP: methylprednisolone.](NRR-11-823-g005){#F4}

Discussion {#sec1-4}
==========

Cytosolic LC3A fractions convert to autophagic membrane-form (phosphatidyl ethanolamine-conjugated) LC3B. When autophagy occurs, LC3B expression increases, and LC3B becomes selectively incorporated into the autophagic membrane. Therefore, LC3B expression is directly proportional to the number of autophagosomes, making LC3B a unique autophagosomal marker. The gene that encodes Beclin-1 is the first gene involved in a series of events that activate autophagy in mammals, and as such is a key marker of autophagy initiation (Walker et al., 2012; Fitzwalter and Thorburn, 2015). Cells undergoing autophagy, a self-degradative process, deliver cytoplasmic material and organelles to lysosomes for degradation (Magraoui et al., 2015). Apoptosis is another cell death mechanism, also under genetic control (Edinger and Thompson, 2004). Initial studies suggested that there were considerable differences between autophagy and apoptosis in terms of morphology, biochemistry, and molecular mechanism, but recent evidence indicates that the two processes can occur successively or simultaneously in the same cell (Marino et al., 2014; Mukhopadhyay et al., 2014; Fitzwalter and Thorburn, 2015). Our flow cytometry results showed that the proportion of apoptotic cells was markedly lower in the H~2~O~2~ + MP group than in the group exposed to H~2~O~2~ alone. Furthermore, the immunofluorescence and western blot experiments showed that MP prevented the H~2~O~2~-induced upregulation of Beclin-1 and LC3B protein expression.

Our results clearly show that H~2~O~2~ is cytotoxic in N2a cells, and autophagy and apoptosis were observed. This result supports the notion that autophagy and apoptosis exist simultaneously and interact with each other during periods of oxidative damage. However, pretreatment with MP decreased the rate of apoptosis, and inhibited autophagy, in N2a cells subsequently exposed to H~2~O~2~-induced oxidative stress. We also investigated whether the neuroprotective effect of MP depended on the downregulation of key proteins in the autophagy and apoptosis signaling pathways. Our results show that MP pretreatment diminished oxidative stress-induced cell damage and protected cells *via* inhibition of autophagy and apoptosis.

In conclusion, MP has anti-apoptotic and anti-autophagic effects in neuron-like cells exposed to oxidative damage. We are the first to show that MP downregulates LC3B and Beclin-1 protein expression. However, this is only a preliminary investigation of the effects of MP on autophagic and apoptotic signaling pathways, and further experiments are needed to determine whether our results can be extrapolated to the whole organism. Nevertheless, the present results provide strong and novel evidence elucidating the neuroprotective mechanism of MP against oxidization.
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